An experimental method is proposed to increase the output power from a C-aperture very-small-aperture laser (VSAL). This method is based on the resonant property of a C aperture and the tunability of the emitting wavelength from a VSAL. The drive current of the VSAL is altered to tune the emitting wavelength. The experimental results indicate that, when the emitting wavelength matches the resonant wavelength of the C aperture fabricated on the VSAL, the output power is enhanced 7.2 times. So a strong output power from a C-aperture VSAL can be obtained with small power consumption. This study may be useful to the design and application of a VSAL.
Introduction
The recording density of conventional optical recording devices has been limited to approximately 20 Gbits͞in. 2 for a long time. This is caused by the diffraction limit. Recently, the diffraction limit was challenged by the near-field recording technologies. An optical spot with a diameter of 60 nm was obtained using a fiber probe [1] . The associated recording density is approximately 45 Gbits͞in.
2 [1] . The output power from a fiber probe is very low. Therefore Partovi et al. proposed a very-small-aperture laser (VSAL) [2] . Its output power is 10 4 times stronger than the output power from a fiber probe with a comparable aperture diameter. In general, the optical spot from a VSAL can be shrunk by decreasing the size of the aperture fabricated on the VSAL. So theoretically one can obtain a sufficiently small optical spot. Partovi et al. pointed out that the potential recording density is over 500 Gbits͞in.
2 [2] . Until now, a VSAL has been used in ultrahigh density optical data storage [2] , heat-assisted magnetic recording [3] , near-field optical probing [4 -6] , and superresolution near-field imaging [7] . A VSAL has been characterized [8] , and its performance has been analyzed experimentally [9 -12] .
Much effort has been made to increase the output power from a VSAL. One method is to use ridgeshaped apertures, such as C [13] [14] [15] , I [16, 17] , and bow-tie [18 -21] . Chen et al. fabricated a C-aperture VSAL, and have shown its prominent enhancement effect [22] . A C aperture has also been used to enhance the photocurrent from a Ge photodetector [23] . Recently, researchers pointed out that there is a resonant wavelength for a given C aperture [13, 24, 25] . The power throughput of the C aperture is maximal at the resonant wavelength, and drops down with the wavelength being away from the resonant position [13, 24, 25] . In other words, the enhancement effect of a C aperture is maximal when the incident wavelength coincides with the resonant wavelength. The resonant wavelength of a C aperture can be calculated numerically [13, 24] or measured experimentally [25] . In simulations, it is easy to set the incident wavelength to meet the resonant conditions. However, to the best of our knowledge, it has not been reported how to realize resonance when a VSAL is used in an experiment.
We demonstrate that the output power from a C-aperture VSAL can be enhanced further by matching the emitting wavelength of the VSAL to the resonant wavelength of the C aperture. This was implemented experimentally by altering the drive current of the VSAL. So the emitting wavelength was tuned accordingly, and the output power was enhanced.
Fabrication of the VSAL
We fabricated a VSAL from a ridge waveguide laser diode by the method proposed by Chen et al. [26] . First, a reflection reducing SiO 2 film was deposited on the laser diode. The SiO 2 film also functions as an insulating layer. Second, a 150 nm Al film was sputtered on the SiO 2 film. So the light emission from the laser diode is completely blocked. Finally, the focused ion-beam (FIB) method was used to fabricate a 90 nm C aperture. The blocked light emission passes through the C aperture and then forms a nanometric optical spot in the near-field region. The scanning electron microscope (SEM) image of the fabricated VSAL is shown in the inset of Fig. 1 . The output power-drive current (P-I) curve of the VSAL is shown in Fig. 1 . It is obvious that the VSAL can be lased properly. The threshold current is approximately 9.6 mA, and the slope efficiency is approximately 8.4 W͞mA. The geometry of the 90 nm C aperture is shown in Fig. 2. 
Calculation of the Resonant Wavelength of the C Aperture
We calculated the resonant wavelength of the C aperture before performing experiments. In the condition of resonance, the power throughput will be maximal. So the power throughput of the C aperture is first calculated. The finite-difference time-domain (FDTD) method is used for the simulation. The dispersive behavior of Al is described by the modified Debye model [27] . The infinite frequency relative permittivity, zero frequency relative permittivity, conductivity, and relaxation time are 1.8614, Ϫ656.21, 5.4455 ϫ 10 6 S͞m, and 1.07 ϫ 10 Ϫ15 s, respectively [28] . The C aperture is centered in a simulation volume of 2 m ϫ 2 m ϫ 0.85 m. The simulation volume is divided into 5 nm ϫ 5 nm ϫ 10 nm Yee cells [29] . A commercial software, XFDTD V6.2, is used for the simulation. The Liao absorbing boundary condition [30] is applied to all sides of the simulation volume. The excitation source is a modulated Gaussian pulse [31] polarized along the horizontal direction. Its waveform is shown in the inset of Fig. 3 . This type of pulse can prevent low-frequency components from exciting nonradiating modes that are not what we want [31] . The pulse width is adjusted [31] to cover the wavelength range of 640-690 nm. The time step is 10.0069 ϫ 10 Ϫ18 s, which is determined ac- cording to the stability criteria of the FDTD algorithm [27] . The pulse-probe technique [32] is used to calculate the power throughput of the C aperture. The electric field response is probed at a plane 10 nm behind the exiting plane of the aperture. Fourier transforms are applied to both the probe field and the incident field. The power throughput is obtained by normalizing the probe field spectrum to the incident field spectrum. The obtained power throughput is shown in Fig. 3 . The simulation results indicate that the resonant wavelength of the C aperture is approximately 660.5 nm.
Experimental Procedures
Now the resonant wavelength of the C aperture has been calculated. The next step is to tune the emitting wavelength in order to match it to the resonant wavelength. To investigate whether the emitting wavelength has matched to the resonant wavelength, the spectra from the VSAL should be measured. Since a VSAL is a kind of near-field device, we measured the near-field spectra from the VSAL in our experiments. The employed experimental setup is shown in Fig. 4 . A near-field scanning optical microscope (NSOM) is used for the measurement. The separation between the VSAL and the fiber probe of the NSOM is controlled by the shear-force technology. The experiments are performed in the following sequences:
The first step is to measure the near-field intensity distribution from the VSAL. Its goal is to find the location of the optical spot. The obtained result is shown in Fig. 5 . The spot size [full width at halfmaximum (FWHM)] is 559 nm ϫ 398 nm. In general, the intensity distribution is enlarged by the finite size of the fiber probe [22] . The spatial resolution of the fiber probe (approximately 100 nm) is usually subtracted from the measured spot size to obtain the net spot size [4, 33] . In this way one can estimate the net spot size to be 459 nm ϫ 298 nm. Careful readers may have noticed that the net spot size is a bit large for the 90 nm C aperture. This may be caused by two reasons. First, the fiber probe is intentionally controlled to be a little far from the VSAL to prevent the fiber probe from destroying the VSAL facet. Second, the localized surface plasmons (LSP) could be excited around the C aperture, and the excitation of LSP causes the C aperture to lose its field concentration function [32] . Although the net spot size is a bit large, the main idea delivered in this paper is not affected.
The second step is to position the fiber probe just above the center of the optical spot. In general, the optical density at the center of an optical spot is maximal. So we can get a better signal-to-noise ratio. Usually, the obtained optical spot is not a perfect round. This brings an additional difficulty for determining the center of the optical spot. We found a method to overcome this difficulty. As shown in Fig.  4 , the optical power collected by the fiber probe is measured by a photomultiplier tube. The voltage signal from the photomultiplier tube is amplified by a lock-in amplifier. The amplified voltage signal is displayed on the faceplate of the lock-in amplifier. If the fiber probe is just above the center of the optical spot, the displayed voltage signal should be maximal. Therefore, by scanning the fiber probe in the realm of the optical spot and monitoring the displayed voltage signal simultaneously, one can easily determine the center of the optical spot.
The third step is to couple the other end of the fiber probe into a spectrometer for spectral analysis. Then the drive current of the VSAL is altered, and the above three steps are repeated. The obtained nearfield spectra are shown in Fig. 6 . The drive current is changed from 12 to 20 mA in 2 mA steps. The corresponding experimental data are summarized in Table 1 . Figure 6 indicates that two things happen when the drive current of the VSAL is increased. On the one hand, the emitting wavelength from the VSAL shifts toward a longer wavelength. So it can be tuned to match the resonant wavelength of the C aperture. On the other hand, the peak intensity of the near-field spectra is changed as shown in Fig. 6 . It first rises, then falls down, and then goes up slowly. The maximum peak intensity occurs when the drive current is 16 mA. The associated emitting wavelength is 656.1 nm (see Table 1 ). This value is a little different from the simulation results of 660.5 nm. The discrepancy may be related to the tapering effect inherent in the FIB milling process [34] . If the data point at I ϭ 16 mA is ignored, the peak intensity will increase almost linearly with the drive current. This linear relationship is similar to the P-I curve shown in Fig.  1 . The peak intensity is fitted to the drive current at I ϭ 12, 14, 18, and 20 mA. The fitted peak intensity at I ϭ 16 mA is 252 arb. units. So the enhancement factor is estimated to be approximately 1803͞252 Ϸ 7.2.
Results and Discussion
The enhancement effect reported here may originate from the resonant property of the C aperture. Comparing the simulation results (Fig. 3) and the experimental results (Fig. 6) , one can find that the peak intensity of the near-field spectra exhibits some "resonant" behavior such as what has been shown in Fig. 3 . To verify that the resonant behavior is brought by the C aperture, we measured the near-field spectra from a square aperture VSAL. The experimental results do not show any resonant behavior. This is in accordance with our expectation. According to the experiments of Matteo et al. [25] , the resonant wavelength of a square aperture is nearly in the ultraviolet band. One can hardly tune the emitting wavelength (approximately 650 nm) of a VSAL to reach the ultraviolet band. In contrast, the resonant wavelength of a C aperture is in the visible band [25] , so it can be matched easily.
One might propose the following question: Since the resonant transmission through a C aperture is both a far-field and a near-field property, then why is no sign of resonance shown in the P-I curve (see Fig.  1 )? The answer is related to the detection method of the P-I curve. The P-I curve is measured using a Si detector that is placed approximately 0.5 mm from the VSAL. We measure the P-I curve to verify that the VSAL can be lased properly. So no lens is used between the VSAL and the detector. As a result, the light emission, which is from the back facet and is reflected by the TO-18 package of the VSAL, is detected by the Si detector. This part of the light emission is much stronger than the light emission from the C aperture. So the P-I curve does not show any resonant sign.
The simulation results shown in Fig. 3 indicate a resonant width of tens of nanometers, whereas the experimental results shown in Fig. 6 indicate a much narrower resonant width. We believe this difference is normal. The simulation is performed to calculate the resonant wavelength of the C aperture, so the resonant cavity of the VSAL is not considered. In contrast, the experimental results denote the whole behavior of the C aperture and the resonant cavity.
When the drive current is above 16 mA, the peak intensity goes up instead of falls down. Although it seems in conflict with a resonant property, it is understandable. When the drive current is increased, not only the emitting wavelength but also the output power from the VSAL is increased. The increased output power boosts the peak intensity. So the peak intensity goes up slowly when the drive current is above 16 mA.
Our experimental results demonstrate that the drive current of a C-aperture VSAL does not need to be too large to increase the output power. An appropriate drive current that can realize resonance is suitable. Since the drive current is not very large, the power consumption can be decreased, and a VSAL can be prevented from deteriorating easily [9] .
Conclusion
We proposed an experimental method for increasing the output power from a C-aperture VSAL. This method is based on the resonant property of a C aperture and the tunability of the emitting wavelength of a VSAL. The emitting wavelength is tuned by altering the drive current of the VSAL. When the emitting wavelength matches the resonant wavelength, the output power from the VSAL is enhanced 7.2 times. This means that a large output power from a C-aperture VSAL can be obtained with small power consumption. This study may be helpful to the design and application of a VSAL. thank Jun Xu of Peking University in China for fabricating VSALs using the FIB method.
